During the past 2 decades, the potential for excessive exposure of pet birds to zinc has become a concern for many pet bird owners. Ideally, avian zinc toxicosis is diagnosed on the basis of history of exposure to zinc, radiographic evidence of ingested metal, occurrence of melena, detection of an elevated plasma zinc concentration, and response to treatment. However, most pet birds suspected of having zinc toxicosis present with vague signs and lack of radiographic evidence; therefore, the diagnosis relies on the presence of an elevated plasma zinc concentration. A question was, is there a significant diurnal variation in the zinc concentration in psittacine birds and could this be clinically relevant? Because studies in other species have shown that zinc is not the only element that shows a diurnal variation, the authors examined 13 other plasma elements including arsenic, cadmium, calcium, cobalt, copper, iodine, iron, magnesium, manganese, molybdenum, potassium, selenium, and total phosphorus. Fifteen adult psittacine birds housed in the same aviary were used in this study. Three blood samples, separated by 4 hours, were taken from the right jugular vein in each bird. All elements were measured in plasma. Zinc, copper, and molybdenum revealed diurnal fluctuations. The results of this study suggest that interpretation of clinical samples may be more complicated than previously believed. Furthermore, on the basis of the results of this study, it is possible that some avian reference ranges may need to be reexamined.
Introduction
During the past 2 decades, zinc toxicosis in pet birds has become a common and controversial subject. 2, 3, 7, 9, 10, 14, 16, 17, 23, 24 One reason for the increased interest in zinc is the use of galvanized wire for cages. 7, 9, 15 Galvanized cage wire, especially one that contains white rust (zinc oxide), is a potential cause of zinc toxicosis in captive birds. 9 Zinc toxicosis associated with ingestion of this material is known as ''new wire disease.'' 2, 15 Target organs for zinc toxicity include the pancreas, kidney, liver, and the gastrointestinal tract. 9, 15 Although the potential for zinc toxicosis causes bird owners and veterinarians to be wary of zinc in the environment of the bird, zinc is a required element in all species. 21 It is important for a variety of functions including keratogenesis, reproduction, growth, wound healing, brain development, and central nervous system function. 15 History of exposure to zinc, radiographic evidence of ingested metal, melena, an elevated plasma zinc concentration and response to treatment are the basis From the Departments of Clinical Studies-Philadelphia (Rosenthal, Shofer) and Pathobiology (Poppenga), University of Pennsylvania, Philadelphia, PA 19104, and James L. Voss Veterinary Teaching Hospital, Fort Collins, CO 80523 (Johnston). 1 Corresponding Author: Karen L. Rosenthal, Department of Clinical Studies-Philadelphia, University of Pennsylvania, 3900 Delancey Street, Philadelphia, PA 19104. for the diagnosis of zinc toxicosis in birds. 9 Unfortunately, the diagnosis of zinc toxicosis in birds is not always straightforward. Signs of toxicosis are nonspecific and include depression, lethargy, anorexia, and weight loss. 7, [15] [16] [17] Many other diseases in psittacines cause these same nonspecific signs of illness. Radiographs may not be taken because of cost or if they are taken, there is no evidence of metallic opacities in the gastrointestinal tract. Finally, exposure to zinc is usually assumed but rarely proven. Therefore, in these nonspecifically sick birds, clinicians often depend upon measurement of plasma zinc concentrations to confirm toxicosis. They then compare their results to the published normal reference ranges for psittacines. 9, 14, 15 In these reference range studies, samples were taken at 1 point in time; multiple samples over time were not collected. Reference range studies in other species have shown that there is a diurnal variation of whole blood, plasma, and serum zinc concentrations. 1, [4] [5] [6] 8, 12, 20 A question was, is there a significant diurnal variation in the zinc concentration in psittacine birds and could such variation lead to a misdiagnosis? Because studies in other species have shown that other elements exhibit a diurnal variation, the authors examined 13 other plasma elements.
Materials and methods
Source of samples. Fifteen adult (between the ages of 5 and 12 yr of age), nonbreeding psittacine birds of various species, housed in the same aviary were used in this study ( Table 1 ). All birds were considered healthy on the basis of history, physical examination, and inspection of a complete blood count and biochemistry panel. The birds were all exposed to the same husbandry factors. All birds had been hatched at the aviary. They were fed the same diet, had the same water source, were kept in similar cages, and were exposed to the same light cycle and humidity. The lights were turned on at 7 AM and turned off at 7 PM. All birds were allowed free choice access to their food during the study. Three blood samples, using a 22-gauge needle on a 3-cc syringe, were taken from the right jugular vein in each bird. Birds were physically restrained for blood collection; no chemical restraint was necessary. In total, less than 10% of the blood volume of these birds was removed during an 8-hr period to perform this study. The samples were taken 4 hr apart at 8 AM, 12 PM, and 4 PM. Blood samples were immediately placed in lithium heparin microtainers. a The heparinized whole blood was centrifuged within 5 min of collection, and the plasma was immediately decanted and aliquoted into plastic Eppendorf bullet tubes. b No visibly hemolyzed samples were analyzed. Representative food and water samples were collected in whirl-pac bags and 50-ml polyethylene centrifuge tubes, respectively. Small samples of wire were obtained from the cage of each bird using standard bolt cutters and placed in whirl-pac bags. This protocol was approved by the University of Pennsylvania Animal Care and Use Committee and the Client Owned Animal Protocol Committee. Elemental analysis. Plasma samples (0.5 ml) were weighed (the exact weight was recorded) into threaded Teflon-PFA vessels c and digested with 1.0 ml concentrated HNO 3 (68-71%, wt/wt) b at 90 C for 12 hr. The samples were allowed to cool to room temperature, and 0.3 ml of the digest was placed in 15-ml certified metal-free tubes d and diluted with ultrapure water e to a final volume of 10 ml after the addition of 0.1 ml of a 2.0 ppm internal standard mix containing Ge, In, Sc, Tb, and Y. Separate experiments determined that there was, on average, a 4% loss of volume during the digestion process. The clear solutions were analyzed by inductively coupled plasma-mass spectrometry (ICP-MS) f with a power input into the plasma of 1.2 kW and argon gas as a carrier. The MS was set to detect the following ions: 75 As, 114 Cd, 44 Ca, 59 Co, 63 Cu, 57 Fe, 74 Ge, 115 In, 26 Mg, 55 Mn, 95 Mo, 31 P, 39 K, 45 Sc, 82 Se, 159 Tb, and 64 Zn. A 4-point calibration curve for each element (not including the internal standards) was generated for the ICP-MS standard response at each mass-to-charge (m/z) ratio of interest based on the m/z of the corresponding internal standard. Iodine was analyzed separately with the MS set to detect 127 I. Quantitation for Ca, Co, Fe, K, Mg, Mn, and P was based on Sc; As, Cu, Mo, and Zn quantitations were based on Ge; Cd and I quantitations were based on In; and Se quantitation was based on Y. The exact weight of all samples was used to determine the dilution factors, which, in turn, were used to calculate final element concentrations. The final concentrations were not corrected for the small volume loss during the digestion procedure.
Bovine adult serum (BAS), g used as an in-house quality control sample, was analyzed before analysis of samples to ensure proper ICP-MS operation. Previously, the BAS element concentrations had been determined in parallel with analysis of National Institute of Standards and Technology (NIST) bovine serum SRM 1598. h The SRM 1598 was not used as the primary quality control sample because of its limited availability at the time the analyses were performed. The suitability of the results was evaluated on the basis of closeness of agreement between the measured metal concentrations and historical values for the BAS obtained by the authors. All samples were run on the same day. Within day coefficients of variation (CV) based upon repeated analysis of bovine serum were Ͻ5% for calcium, copper, magnesium, molybdenum, phosphorus, potassium, and sodium. The CVs for selenium and zinc were 5.5% and 7.8%, respectively. The CVs for arsenic, cobalt, iron, and manganese were Ͼ20%.
Multiple samples of the commercial feeds and water provided to the birds were collected and analyzed by ICP-MS for element content following a procedure similar to that for the plasma. No abnormal concentrations of elements were detected. Small portions of the wire from each cage were also collected and analyzed by ICP-MS after complete digestion and were determined to be free from abnormal zinc or lead concentrations. Empty microtainer tubes from different lot numbers, used for blood and plasma collection, were analyzed for metal content. Sodium, ranging from a low of 0.20 ppm to a high of 2.47 ppm, was detected in the lithium heparin tubes. Calcium was detectable with the highest value determined to be 1.38 ppm. Other elements of interest were not detected. Cadmium was undetectable in all birds at all sampling times. In addition, 80% (36 of 45) and 76% of the samples (34 of 45) had undetectable cobalt and iodine, respectively. Because of this, these 3 elements were eliminated from the statistical analyses.
Statistical analysis. To assess diurnal variation for each element, an analysis of variance in repeated measures was used. All analyses were performed using SAS (version 8.2) statistical software. A probability of P Ͻ 0.05 was considered statistically significant.
Results
The mean values (in ppm) for each measured element at each time point and the P values are presented in Table 2 . Plasma zinc concentrations were significantly lower by the end of the day as compared with earlier in the day (Fig. 1) . Plasma copper concentrations showed a significant trend to decrease during the day and then increase later in the day (Fig. 2) . Molybdenum plasma concentrations, similar to zinc concentrations, revealed a significant downward trend that continued throughout the day (Fig. 3 ). All other measured elements did not reveal a significant diurnal variation.
Discussion
Of the 11 elements that were measured in detectable quantities, only zinc, copper, and molybdenum showed significant diurnal variation. Zinc plasma concentrations showed a significant downward trend as the day progressed (Fig. 1) . These results reflect the same downward trend found in humans with regard to diurnal fluctuations of zinc concentrations. 6, 8 The importance of recognizing diurnal variation is evident when comparing the zinc concentrations obtained from these 15 birds with a published normal reference range. 14 In 4 of the 15 birds, the morning plasma zinc concentration was above the reference range. During the day, the plasma zinc concentration in these same birds declined into the reference range. Therefore, using a morning sample to determine plasma zinc status would have led to a different conclusion than if an afternoon sample from these same birds had been taken. The clinical implication is that blood taken from these birds in the morning would lead to a diagnosis of zinc toxicosis and subsequent treatment whereas, if these birds were bled in the afternoon, the clinician would have determined that a normal concentration of plasma zinc was present and no treatment would be instituted.
There is disagreement in the literature regarding the normal range of avian plasma zinc concentrations. Numerous factors such as different methods of blood storage, different laboratory methodology and species variation can lead to reference range differences. 3, 14 This study suggests another factor to consider when developing a reference range for zinc is diurnal variation. It has been accepted for more than 30 years that in other species there is a significant diurnal variation in plasma zinc concentrations. 4, 6, 8, 12, 20, 21 The effect of meals on the plasma zinc concentration is inconclusive. Some studies state that ingesting a meal has no effect on daily zinc concentration fluctuations. 5 Other studies have shown that the meal's content and even its consistency may affect zinc concentrations. 8, 12 The mean value for plasma copper concentration was significantly lower at noon as compared with the morning and afternoon values (Fig. 2) . Three of 15 birds had plasma copper concentrations that were above the published reference range in the morning, within the reference range at noon, and elevated again in the afternoon. 14 Therefore, if these were clinical cases, the time of day at which the birds were bled could be the deciding factor for a diagnosis of high plasma copper. Although copper toxicosis is recognized in wild birds, it is rarely reported in pet birds. It may be of interest to note that all the macaws in all the samples revealed copper concentrations between 0.02 and 0.06 ppm. This is well below the mean of 0.135 ppm. Perhaps the reference range for plasma copper in macaws should reflect these differences. It is important to recognize that copper toxicity is usually diagnosed using tissue samples rather than blood, serum, or plasma.
Molybdenum is a known environmental contaminant, but its importance in avian intoxication is unknown. 11 If molybdenum concentration is a clinical concern, it should be noted that there is a trend for this element to decrease in the plasma as the day progresses ( Fig. 3) .
All other measured elements did not reveal a significant change in mean concentration during the day. Significant diurnal variation of calcium, potassium, and total phosphorus has been noted in other species. 8 The concentrations of these elements change depending on physiologic status and the presence of other compounds that affect their concentrations. For example, calcium concentrations will change if the concentrations of parathyroid hormone or albumin are altered. 8 Clinicians should recognize the implications this variation may have on interpretation of the metabolic status of the patient. Perhaps in patients such as egg-laying females that have a more dynamic calcium homeostasis than non-egg producing birds, diurnal variations of calcium occur. In birds where concentrations of calcium and potassium may be abnormal such as renal disease patients, perhaps diurnal variation occurs. No birds in this study were sick nor egg layers, and this may be 1 reason why diurnal variation was not apparent. Selenium, a recognized environmental pollutant, is not reported to be a cause of toxicosis in pet birds, and there was no diurnal variation in this study. 22 Theoretically, selenium toxicosis could occur in pet birds if food is oversupplemented. Arsenic, magnesium, or manganese did not show diurnal variation. Intoxication in pet birds with any of these elements is not recognized but theoretically can occur with environmental pollution or overabundance in the diet.
No diurnal variation of the plasma iron concentration could be detected under the described experimental conditions. Significant diurnal variation in plasma iron concentration has been noted in other species. 4 Because numerous studies have shown such a large reference range in blood iron concentration, it has been suggested that concentrations in tissues such as liver are a better measurement of whole body iron burden. 18, 25 As an example, bird No. 6 had iron concentrations of 2.5, 2.28, and 10.2 ppm. Bird No. 7 had iron concentrations of 2.47, 2.68, and 21.8 ppm. If only the last time point for each bird were used, both birds would have been diagnosed as having high iron on the basis of 1 set of reference ranges. 14 However, if any of the first 2 values of either bird were used, the concentrations would have been in the normal range for blood iron. 14 It is important to point out that plasma or serum iron concentrations are greatly affected by sample hemolysis. Although great care was taken in this study to avoid hemolysis and plasma samples that were visibly hemolyzed were not analyzed, it is possible that some of the variation in plasma iron concentrations was because of nonvisible hemolysis. Sample preparation methods such as precipitation of iron using trichloroacetic acid can be used to remove iron due to hemolysis. However, the small blood sample sizes available for analysis in this study precluded the use of this technique. In addition, the large within day CV for iron suggests that a substantial portion of the variation between the samples could be because of analytical variation. Therefore, unless precautions are taken to assure the integrity of both the sample and the method of analysis, serum iron concentrations should not be used for diagnostic purposes.
In this study, cadmium could not be assessed statistically because it was below the lowest detectable concentration using ICP-MS. There was no reason to suspect cadmium intoxication in any of these birds. In addition, there were no known sources of cadmium exposure in the environment of these birds. Cadmium is a significant cause of toxicity in wild birds but is not recognized as a problem in pet birds. 13 In addition, most of the samples had undetectable cobalt and iodine concentrations, which precluded statistical analysis. Cobalt deficiency or toxicosis is not reported to be a problem in pet birds. Iodine deficiency is a recognized problem in some pet birds, especially budgerigars. 19 Because none of the birds in this study had signs of iodine deficiency yet iodine was not detectable in most samples, plasma iodine concentrations measurements are unlikely to be useful for determining deficiency.
The method used for plasma element determinations should not be considered a validated method. However, the results obtained from NIST SRM 1598 bovine serum using the described methodology have been in good agreement with the certified element concentrations for that SRM (Ϯ10%). Repeated analysis of this study's in-house quality control sample (adult bovine serum) has shown acceptable consistency for all elements of clinical interest with the exception of iron. Given the consistency of results, the method was deemed suitable for the purpose of the study, which was to assess the variability of element concentrations with time and not determine precise reference ranges for the bird species evaluated.
One limitation of this study was that the authors examined blood collection over time during just 1 day. In future studies, this protocol should be repeated over a number of days to determine whether the trends found in this study continue. Another limitation was that this study only consisted of 15 birds. Therefore, it was impossible to analyze with any significance the effect sex, age, or species may have had on the results. Ideally, this study should be repeated with numerous species representing those commonly seen in avian practices and many individuals of each species.
This study suggests that birds may be similar to other animals in that there is a daily fluctuation of the concentrations of some of the plasma constituents. In 2 recent studies investigating normal plasma zinc concentrations, there was no information in the articles regarding sampling time. 14, 15 In several studies in other species, plasma zinc concentrations fluctuated as much as 25-33% and the authors concluded that to compare zinc concentrations among individuals or populations, it is necessary to standardize the sampling time. 6, 8, 12 Perhaps this should be considered in avian medicine, given the controversy concerning what constitutes elevated and potentially toxic plasma zinc concentrations. 14, 15 Previous studies designed to determine zinc reference ranges do not report whether the birds were sampled at various times during the day. Therefore, the published standard deviation and reference ranges may be narrower than they otherwise would be if samples had been collected at several time points during the day. Future research into zinc reference ranges in birds should include samples collected from the same bird taken at different times throughout the day. Perhaps by using 3 or 4 different sampling points over time to determine the variation, a more accurate description of population reference ranges is obtained. Also, further studies are necessary to elucidate what plasma concentrations are consistent with excessive zinc exposure. Such ranges, along with a consistent history and compatible clinical signs, will help avian veterinarians determine when treatment for zinc toxicosis is warranted.
From a practical standpoint, it may be difficult to obtain several samples of sufficient size from small birds because of limited blood volumes. In addition, repeated sampling of sick birds can cause undue stress on the bird and potentially delay treatment. However, if a bird is suspected of having zinc toxicosis on the basis of a slight to moderate elevation in plasma zinc concentration, it might be important to collect additional samples for zinc determinations at 2 or 3 different points throughout the day to examine whether the elevation persists.
Plasma concentrations of minerals and trace elements are used to assess the health of populations and individuals. It is necessary to identify the various causes of intraindividual variation in the measured values to properly interpret test results. One factor may be diurnal variation, the fluctuation because of the time of day at which the sampling is performed. 8 In this study, significant diurnal variation in plasma zinc, copper, and molybdenum concentrations was observed.
